Tissue-wide electrophysiology with single-cell and millisecond spatiotemporal resolution is critical for heart and brain studies, yet issues arise from invasive, localized implantation of electronics that destructs the well-connected cellular networks within matured organs. Here, we report the creation of cyborg organoids: the three-dimensional (3D) assembly of soft, stretchable mesh nanoelectronics across the entire organoid by cell-cell attraction forces from 2D-to-3D tissue reconfiguration during organogenesis. We demonstrate that stretchable mesh nanoelectronics can grow into and migrate with the initial 2D cell layers to form the 3D structure with minimal interruptions to tissue growth and differentiation. The intimate contact of nanoelectronics to cells enables us to chronically and systematically observe the evolution, propagation and synchronization of the bursting dynamics in human cardiac organoids through their entire organogenesis.
Complex organs (e.g. heart and brain) rely on spatiotemporally orchestrated communication of heterogenous cells to generate whole-organ functions. 1, 2 Thus, understanding development, mechanism and diseases of these organs requires system-level mapping of the cellular activities with high spatiotemporal resolutions across their entire 3D volumes over a substantial time window. [3] [4] [5] Recently, tremendous progresses have miniaturized state-of-the-art electrophysiological tools into micro/nanoscales 6, 7 with soft and multiplexed electronic units, 8, 9 which have significantly reduced tissue disruptions while maintaining the unmatched spatiotemporal resolution for recording and manipulating. [10] [11] [12] [13] However, most of these devices either contact organs at the surface or penetrate locally and invasively through micro-needle injections. It remains a key challenge to uniformly implant and distribute a large number of interconnected and individually addressable sensors/stimulators throughout the 3D organs with minimal damage for chronic recording.
It is noteworthy that 3D organs originate from 2D embryonic germ layers during in vivo organogenesis. For instance, both neural and heart tubes originate from 2D cell layers in embryo via a series of cell proliferation and folding process and finally develop into brain, spinal cord and heart. 14, 15 Such a 2D-to-3D transition in in vivo organogenesis has recently been reproduced in vitro for human organoids culture, 16, 17 in which cell condensation from human mesenchymal stem cells (hMSCs) drives human induced pluripotent stems cells (hiPSCs) to fold into 3D organoids for transplantations and drug screening. 18, 19 Inspired by the natural organogenesis, we propose a new scheme to realize 3D implantation and distribution of nanoelectronics within organoids ( Figure. 1A ). The first stage consists of transferring and laminating a mesh-like planar nanoelectronics together with its input/output (I/O) interconnects, onto a 2D sheet of stem cells (Stage I). Cell attraction forces between stem 4 cells during cell aggregation, proliferation and migration gradually shrink the cell-sheet into a cell-dense plate, which simultaneously compresses the nanoelectronics into a closely packed architecture and covers the nanoelectronics with stem cells (Stage II). This interwoven cell/nanoelectronic structure then contracts and curls as a result of organogenesis-induced selffolding, first into a bowl geometry (Stage III), and then into a 3D spherical morphology (Stage IV). During this process, the mesh device seamlessly reconfigures with the cell-plate due to its soft mechanics, while maintaining uniform spatial distributions throughout the tissue, leading to a fully-grown 3D organoid with an embedded sensors/stimulators array in a minimally invasive and globally distributed manner (Stage IV) --hence the name "cyborg organoid". Finally, the stem cells in the as-formed cyborg organoid can further differentiate into targeted types of functional cells such as cardiomyocytes, while their electrophysiological activities can be chronically monitored using the embedded nanoelectronics (Stage V).
We underline several important design characteristics of the nanoelectronics that enable the asdescribed seamless, whole-tissue-wide integrations ( Figure. 1B) . First, the device exploits a serpentine mesh layout with an overall filling ratio of less than 11%, which leads to significantly improved in-plane stretchability up to 30% 20 and compressibility up to several times of its initial volume due to out-of-plane buckling of the mesh network, 21 thus capable of accommodating drastic volumetric changes (mostly compressive) during organogenesis. [16] [17] [18] [19] Second, two sets of mesh dimensions are implemented (ribbon width/thickness = 20 μm/0.8 μm or 10 μm/2.8 μm), which result in a tiny device mass of less than 15 µg and effective bending stiffness of 0.090 n·Nm and 1.9 n·Nm respectively (see Note S1 and Figure. In summary, we have created the first human cardiac cyborg organoid via organogenetic 2D-to-3D tissue reconfiguration and studied the evolution of electrophysiological patterns during organogenesis. This method is ready to be scalable for integrating a larger number of sensors fabricated by photo-or electron beam-lithography. 27 Additional work remains to apply cardiac cyborg organoids to study cardiac development, diseases and therapeutics. 28 Further development and generalization of cyborg organoids could serve as a paradigm-shifting platform for spatially resolved, high-fidelity and chronic electrophysiological recordings for many other types of organoids 29, 30 and animal embryos as well as for monitoring and controlling of organoid-enabled cellular therapeutics. 31
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